INTRODUCTION
============

Voltage-activated ion channels play a wide range of critical roles in electrical and chemical signaling within biological systems. These ion channels have a modular architecture, consisting of a central pore domain that determines whether the channel is selective for K^+^, Ca^2+^, or Na^+^ ions (Kv, Cav, and Nav channels, respectively), and four surrounding voltage-sensing domains that drive opening or closing of the ion conduction pore ([@bib39]; [@bib47]; [@bib52], [@bib53]; [@bib51]; [@bib59]). In tetrameric Kv channels, each of the four subunits contain six transmembrane helices (S1--S6), with the S5--S6 forming the centrally located pore domain, and the S1--S4 helices forming each of four voltage-sensing domains.

The mechanism of voltage activation has been extensively studied in the Shaker Kv channel, which has been established to involve multiple conformational rearrangements in the S1--S4 voltage-sensing domains as they move between resting states (R~1~ and R~2~) at negative membrane voltages to activated states (A) at depolarized voltages, as conceptualized in [Scheme 1](#sc1){ref-type="disp-formula"} ([@bib5]; [@bib34]; [@bib75]; [@bib91],[@bib92]; [@bib1]; [@bib54]; [@bib69]; [@bib17]; [@bib66],[@bib67],[@bib68]; [@bib73],[@bib74]; [@bib42]; [@bib84]; [@bib82]; [@bib41]).

These conformational rearrangements are thought to occur relatively independently in the four voltage sensors, but are followed by a final opening transition that is highly cooperative or concerted, as illustrated by the single closed (C) to open (O) transition in [Scheme 1](#sc1){ref-type="disp-formula"} ([@bib73],[@bib74]; [@bib42]; [@bib58]; [@bib61]). Opening of the pore in Shaker has been extensively studied, and involves a detectable movement of the voltage sensors ([@bib73],[@bib74]; [@bib42]; [@bib24]; [@bib58]; [@bib61]) along with a substantial expansion of the S6 helical bundle crossing toward the intracellular side of the membrane ([@bib3]; [@bib50]; [@bib31]; [@bib23]; [@bib35]; [@bib87]; [@bib24]). In Nav and Cav channels, the four voltage-sensing domains are contained within a single α subunit, such that the four voltage-sensing domains are not identical ([@bib12]). Although our understanding of the gating mechanisms of Nav and Ca channels is less advanced than for the Shaker Kv channel, there is evidence for distinct roles of the four voltage sensors in activation and inactivation, and for cooperative interactions between voltage sensors extending to conformational changes related to the early independent transitions in the Shaker Kv channel ([@bib89]; [@bib70]; [@bib32]; [@bib71]; [@bib18]; [@bib19]; [@bib10], [@bib11]).

Protein toxins from venomous organisms have been invaluable tools for probing ion channel structure and mechanisms. A diversity of venom toxins interact with voltage-activated ion channels, with the external vestibule of the pore ([@bib57]; [@bib26]; [@bib27]), and with the S1--S4 voltage-sensing domains serving as particularly common targets ([@bib63]; [@bib80]; [@bib2]; [@bib76]; [@bib7]). In the case of Nav channels, toxins targeting S1--S4 voltage-sensing domains can inhibit or facilitate opening ([@bib63]; [@bib15], [@bib16]; [@bib27]; [@bib7]; [@bib6]; [@bib86]; [@bib46]; [@bib94]); however, in the case of both Kv and Cav channels, only inhibitors have thus far been described ([@bib27]; [@bib76]). One of the better studied examples of a toxin targeting voltage-sensing domains in Kv channels is hanatoxin, a tarantula toxin that was originally reported to produce weak inhibition of the Shaker Kv channel and robust inhibition of the Kv2.1 and Kv4.2 channels ([@bib78]). Subsequent studies on the interaction of hanatoxin with the Kv2.1 channel showed that toxin-bound channels can open, but with a conductance--voltage (G-V) relationship that is shifted to more positive membrane voltages ([@bib79]; [@bib44]; [@bib62]). Experiments using Kv2.1 channel mutants that exhibit weaker binding and rapid dissociation of hanatoxin demonstrate that the toxin unbinds more rapidly from open channels ([@bib62]), which supports the notion that the toxin inhibits the Kv2.1 channel by stabilizing a closed state. Mutagenesis and chimera studies suggest that hanatoxin binds to the S3b--S4 paddle motif within the S1--S4 domain of Kv2.1 to inhibit channel opening ([@bib80]; [@bib48], [@bib49]; [@bib2]; [@bib7]). In addition, tarantula toxins such as hanatoxin are thought to partition into the lipid membrane and bind to the paddle motif from within the bilayer ([@bib43]; [@bib36]; [@bib62]; [@bib55], [@bib56]).

In the present study, we set out to investigate the interaction of hanatoxin with the Shaker Kv channel to better understand the mechanisms by which tarantula toxins alter the gating mechanism of Kv channels. Although relatively little is known about the interaction of hanatoxin with the Shaker Kv channel, the toxin was reported to produce a slowing of current activation in response to depolarizing voltage steps to 0 mV ([@bib78]), a finding that could be interpreted as rapid unbinding of the toxin from open channels, as observed with mutant Kv2.1 channels ([@bib62]). In the present experiments, we show that hanatoxin interacts with the voltage-sensing domain of the Shaker Kv channel, but that the toxin actually facilitates opening of the channel by stabilizing the activated state of the voltage sensors and the open state of the pore.

MATERIALS AND METHODS
=====================

Chimeras and point mutations were generated using sequential PCR with Kv2.1Δ7 channel ([@bib25]) and Shaker-IR Kv channel ([@bib38]) as templates. The Kv2.1Δ7 construct contains seven point mutations in the outer vestibule ([@bib47]), rendering the channel sensitive to agitoxin-2 (AgTx-2), a pore-blocking toxin from scorpion venom ([@bib28]). The Shaker-IR construct has a deletion of residues 6--46 to remove rapid inactivation ([@bib33]; [@bib90]), and in this paper is referred to as wild-type Shaker. The DNA sequence of all constructs and mutants was confirmed by automated DNA sequencing, and complementary RNA (cRNA) was synthesized using T7/SP6 polymerase (mMessage mMachine kit; Ambion) after linearizing the DNA with appropriate restriction enzymes.

Hanatoxin was purified from *Grammostola spatulata* venom (Spider Pharm) as described previously ([@bib78]). GxTx-1E was synthesized by solid phase methodology using Fmoc chemistry, folded in vitro, and purified as described previously ([@bib45]). Linear agitoxin-2 was purchase from American Peptide, folded in vitro in a solution containing 25 µM linear peptide, 100 mM Tris-Cl, 1 mM EDTA, 2.5 mM GSH, and 0.25 mM GSSH, pH 7.8, overnight at room temperature and purified using reversed-phase HPLC.

All channel constructs were expressed in *Xenopus laevis* oocytes and studied after 1--4 d of incubation after cRNA injection (incubated at 17°C in 96 mM NaCl, 2 mM KCl, 5 mM Hepes, 1 mM MgCl~2~, 1.8 mM CaCl~2~, and 50 µg/ml gentamicin, pH 7.6, with NaOH) using two-electrode voltage-clamp recording techniques (OC-725C; Warner Instruments) with a 150-µl recording chamber. Data were filtered at 1--3 kHz and digitized at 20 kHz using pClamp software (Axon; Molecular Devices). Microelectrode resistances were 0.1--1 MΩ when filled with 3 M KCl. For recording macroscopic Kv channel currents, the external recording solution contained (in mM): 50 RbCl, 50 NaCl, 5 Hepes, 1 MgCl~2~, and 0.3 CaCl~2~, pH 7.6, with NaOH. In the experiments shown in [Fig. 4](#fig4){ref-type="fig"}, 50 mM KCl was used in place of RbCl. All experiments were performed at room temperature (∼22°C). Leak and background conductances were identified by blocking the channel with agitoxin-2, and in most instances have been subtracted for the Kv channel currents shown. The one exception is for data shown in [Fig. 6](#fig6){ref-type="fig"}, where the ILT construct was studied at positive voltages where full toxin occupancy of the channel could not be readily achieved, and thus unsubtracted traces are shown. G-V relationships were obtained by measuring tail currents and a single Boltzmann function was fitted to the data according to: $\text{I}/\text{I}_{\text{max}}\, = \,\left( 1\, + \, e^{- zF(V - V_{1/2})/\text{RT}} \right)^{- 1}$, where I/I~max~ is the normalized tail-current amplitude, z is the equivalent charge, V~1/2~ is the half-activation voltage, F is Faraday's constant, R is the gas constant, and T is temperature in degrees Kelvin. Gating current experiments were performed using an external recording solution containing (in mM): 100 NaCl, 5 Hepes, 1 MgCl~2~, and 0.3 CaCl~2~, pH 7.6 with NaOH. Q-V relations were obtained by integrating gating currents and an equivalent Boltzmann function fit to plots of Q/Q~max~ versus V.

RESULTS
=======

Interaction of hanatoxin with the Shaker Kv channel
---------------------------------------------------

To begin our studies on the interaction of hanatoxin with the Shaker Kv channel, we expressed the Shaker Kv channel with rapid inactivation removed ([@bib33]; [@bib90]) and recorded macroscopic Kv currents in the presence of 50 mM external Rb^+^, a manipulation that slows channel closure so that the process of deactivation can be well-resolved ([Fig. 1, A and B](#fig1){ref-type="fig"}). When hanatoxin is applied externally at micromolar concentrations, the toxin causes a modest inhibition of outward K^+^ currents that gradually declines during the test depolarization ([Fig. 1 A](#fig1){ref-type="fig"}), producing a slow phase of activation that is consistent with previous observations ([@bib78]). However, when tail currents are elicited at the end of the depolarizing pulse, it is evident that the toxin also produces a readily detectable slowing of channel deactivation. This observation contrasts with what is observed in mutant Kv2.1 channels where deactivation of the channel is faster for toxin-bound channels and is restored to control values once the toxin dissociates ([@bib62]). Thus, the results for the Shaker Kv channel suggest that the slow phase of current activation does not represent toxin unbinding, but that the toxin remains bound as the channels open and close. Interestingly, when the G-V relation of the Shaker Kv channel is examined by measuring tail current amplitudes at the end of test depolarizations, it becomes evident that hanatoxin actually produces a shift of the voltage-activation relationship to negative voltages ([Fig. 1 D](#fig1){ref-type="fig"}), opposite to what is observed for the Kv2.1 channel ([@bib79]; [@bib44]; [@bib62]). Although the shift in the midpoint of the G-V is small (∼3 mV), it is statistically significant (P = 0.02; paired *t* test), and quite robust increases in macroscopic current can be readily observed when activating the channel with relatively weak depolarizations ([Fig. 1, C and D](#fig1){ref-type="fig"}). These data suggest that unlike what has been observed in the Kv2.1 channel, hanatoxin facilitates opening of the Shaker Kv. The rapid recovery of the channel after removal of the toxin from the recording chamber (see [Fig. 3](#fig3){ref-type="fig"}), as well as the relatively small effects of the toxin ([Fig. 1](#fig1){ref-type="fig"}), would be consistent with the Shaker Kv channel having relatively low affinity binding sites for hanatoxin.

![Hanatoxin modified the gating of the Shaker Kv channel. (A) Voltage-activated Kv channel currents in response to strong depolarization in the absence (black) and presence (red) of 2 µM hanatoxin in the external recording solution. The gray line indicates the zero current level. (B) Expanded view of tail currents from A. (C) Voltage-activated Kv channel currents in response to weak depolarization in the absence (black) and presence (red) of 2 µM hanatoxin. (D) Normalized G-V relation in the absence (black circles) and presence (red circles) of 2 µM hanatoxin. Smooth curves are Boltzmann fits to the data with the following V~1/2~ and z values: −33 mV and 4 for control; −36 mV and 3.8 for toxin. Conductance was measured using tail currents and the external solution contained 50 mM Rb^+^. Error bars indicate SEM (*n* = 3).](JGP_201210914_Fig1){#fig1}

Engineering enhanced hanatoxin receptors in the Shaker Kv channel
-----------------------------------------------------------------

Our next objective was to see if we could enhance the affinity of the Shaker Kv channel for hanatoxin to facilitate studies with the channel at higher toxin occupancy. Although the very different actions of hanatoxin on Shaker and Kv2.1 channels raises the possibility that the toxin binds to distinct regions in the two types of Kv channels, a wide range of toxins have been shown to interact with the S3b--S4 paddle motif in different types of voltage-activated ion channels, and we therefore focused our attention in that region ([@bib63]; [@bib80]; [@bib15]; [@bib14]; [@bib48], [@bib49]; [@bib62]; [@bib2]; [@bib7], [@bib8],[@bib9]; [@bib86]; [@bib93], [@bib94]).

Studies of the Kv2.1 channel have identified three residues (I273, F274, and E277) within the S3b helix that are particularly important determinants for hanatoxin interaction with that channel ([@bib80]; [@bib48], [@bib49]; [@bib62]; [@bib2]). [Fig. 2 A](#fig2){ref-type="fig"} shows an amino acid sequence alignment for the S3b helices of the voltage sensor paddle motifs for both the Kv2.1 and Shaker Kv channels. To enhance the affinity of the Shaker Kv channel for hanatoxin, we mutated the corresponding residues (L327, A328, and V331) in the Shaker channel to those found in Kv2.1, and investigated the properties of the resulting Shaker Δ3 channel (L327I, A328F, and V331E). In contrast to what we observed for the wild-type Shaker Kv channel, hanatoxin produces dramatic facilitation of opening for the Shaker Δ3 channel ([Fig. 2, B--D](#fig2){ref-type="fig"}). In the presence of 2 µM hanatoxin, the midpoint of the G-V shifts by ∼−25 mV, and the G-V reaches a maximum that is ∼50% higher compared with that in the absence of the toxin. The concentration dependence for shifting the G-V relation ([Fig. 2, D and E](#fig2){ref-type="fig"}) indicates that the effect of hanatoxin approaches saturation at a concentration of 2 µM, which suggests that the affinity of hanatoxin for the Shaker Δ3 channel is higher than the wild-type channel. We also observed a significantly slower recovery after removal of the toxin from the recording chamber when comparing Shaker Δ3 to the wild-type channel ([Fig. 3](#fig3){ref-type="fig"}), which suggests that the unbinding rate for the toxin is decreased in the Δ3 mutant. Even several minutes after removal of the toxin, the amplitude and kinetics of tail currents are still altered, which suggests that the toxin remains tightly bound as the channel opens and closes. We also investigated the extent to which hanatoxin alters the kinetics of channel opening and closing by fitting single-exponential functions to the change in macroscopic current after voltage steps ([Fig. 4](#fig4){ref-type="fig"}). Although hanatoxin detectably slows opening of the Shaker Δ3 channel ([Fig. 4, A and B](#fig4){ref-type="fig"}), the most dramatic effect of the toxin is to produce a pronounced slowing of channel closing ([Fig. 4, C and D](#fig4){ref-type="fig"}). Collectively, these results suggest that hanatoxin interacts with the S3b helix of the S1--S4 voltage-sensing domain in the Shaker Kv channel to stabilize an open state of the channel.

![Generating enhanced hanatoxin receptors in the Shaker Kv channel. (A) Sequence alignment for S3 helices in Kv2.1 (blue) and Shaker (black) Kv channels. Conserved residues are shown in bold lettering. In the Shaker Δ3 construct, three residues (asterisks) were mutated to the corresponding residues in Kv2.1 (L327I, A328F, and V331E). (B and C) Voltage-activated Kv channel currents in the absence (black) and presence (red) of 2 µM hanatoxin. Recordings in B and C are from the same cell. The gray line indicates the level of zero current. (D) Normalized G-V relations in the absence (black circles) and presence of 200 nM (red triangles) or 2 µM (red circles) hanatoxin. Conductance was measured using tail currents. Smooth curves are Boltzmann fits to the data normalized to the maximal conductance in control external solution, with the following V~1/2~ and z values: −15 mV and 3 for control, −36 mV and 2.9 for 200 nM, and −39 mV and 2.8 for 2 µM hanatoxin. Error bars indicate SEM. (*n* = 5). (E) Concentration dependence of shifting the V~1/2~ for activation of the wild-type Shaker Kv channel (black circles) and the Shaker Δ3 Kv channel (red circles). The external solution contained 50 mM Rb^+^. Error bars indicate SEM (*n* = 3).](JGP_201210914_Fig2){#fig2}

![Recovery of Shaker Kv channels after removal of hanatoxin from the external solution. (A) Voltage-activated Rb^+^ currents recorded for the Shaker Δ3 Kv channel in control solution before applying toxin (gray trace), after applying 2 µM hanatoxin to the external recording solution and allowing currents to reach equilibrium (red trace), or after removal of the toxin from the recording chamber (black traces). (B) Time course for recovery after removing hanatoxin from the external recording solution for the wild-type Shaker Kv channel (open black symbols) or for the Shaker Δ3 Kv channel (closed black symbols). Tail current amplitude was measured and normalized to the value obtained when the channel was in equilibrium with hanatoxin (red symbol).](JGP_201210914_Fig3){#fig3}

![Influence of hanatoxin on the kinetics of activation and deactivation for the Shaker Δ3 Kv channel. (A) Kinetics of channel opening in the absence (black traces) or presence (red traces) of 2 µM hanatoxin. (B) Mean time constant (τ) from single-exponential fits to channel activation in the absence (black) or presence of 100 nM (red squares), 200 nM (red triangles), and 2 µM (red circles) hanatoxin. (C) Kinetics of channel closing in the absence (black traces) or presence (red traces) of 2 µM hanatoxin. (D) Mean time constant (τ) from single-exponential fits to channel deactivation in the absence (black circles) or presence of 2 µM hanatoxin (red circles). The external solution contained 50 mM Rb^+^, and error bars indicate SEM (*n* = 3).](JGP_201210914_Fig4){#fig4}

Influence of hanatoxin on voltage sensor activation in the Shaker Kv channel
----------------------------------------------------------------------------

To explore the influence of hanatoxin on conformational changes in the voltage-sensing domains, we recorded gating currents from the Shaker Δ3 channel in the background of the W434F nonconducting mutant ([@bib60]). Our initial objective was to obtain gating charge versus voltage (Q-V) relations from individual cells both in the absence and presence of hanatoxin. However, hanatoxin reaches equilibrium with the channel rather slowly at the concentrations we used (200 nM; τ = ∼150 s), and cells expressing high levels of Shaker Δ3 W434F tend to become leaky and unstable when maintained under a voltage clamp for prolonged periods of time. (We also observed that higher toxin concentrations made cells leaky and difficult to study.) We therefore compared cells with and without preincubation with 200 nM hanatoxin for 5 min before recording gating currents. Comparison of the gating currents obtained in this fashion shows that hanatoxin produces a pronounced slowing of the "off" gating charge elicited by repolarization to a holding voltage of −120 mV ([Fig. 5 A](#fig5){ref-type="fig"}). Integration of the gating currents and plotting of the Q-V relations reveals that the toxin produces a shift of charge movement to negative voltages ([Fig. 5 B](#fig5){ref-type="fig"}). The Q-V relation is also shallower in the presence of hanatoxin, although this should be interpreted cautiously because it could be simply explained by heterogeneity in toxin occupancy of the channel given that the concentration of toxin used in these experiments is not saturating and up to four toxins can bind to each channel ([@bib79]). To investigate the effects of hanatoxin on the kinetics of charge movement, we fit the decay of gating currents elicited by depolarization ("on" gating currents) with single exponential functions and plotted those values against membrane voltage ([Fig. 5, A and C](#fig5){ref-type="fig"}). The resulting time constants are not influenced by hanatoxin at positive voltages, but are dramatically slowed at negative voltages, which suggests that the toxin stabilizes the activated state of the voltage sensors by slowing their return to the resting state populated at negative voltages.

![Influence of hanatoxin on gating charge movement in the Shaker Δ3/W434F channel. (A) Families of gating currents recorded from one cell bathed in control external solution (black) and another preequilibrated with 200 nM hanatoxin (red). Leak, background, and capacitive currents were subtracted using a P/−4 protocol. (B) Normalized Q-V relation in the absence (black circles) and presence of 200 nM hanatoxin (red circles). In both cases, on and off gating currents were integrated, and their average was normalized to the maximal charge measured for depolarizations to +50 mV. Smooth curves are fits of Boltzmann functions to the data with the following V~1/2~ and z values: −40 mV and 3.7 for control, and −53 mV and 1.3 for 200 nM hanatoxin. Error bars indicate SEM (*n* = 4). (C) Mean time constants (τ) for charge movement obtained by fitting single-exponential functions to the decay of on gating currents in the absence (black circles) and presence (red circles) of 200 nM hanatoxin. Error bars indicate SEM (*n* = 6).](JGP_201210914_Fig5){#fig5}

Influence of hanatoxin on the final opening transition in the Shaker Kv channel
-------------------------------------------------------------------------------

To investigate whether hanatoxin also influences the final opening transition, we recorded macroscopic ionic currents from the Shaker Δ3 channel in the background of the ILT mutant (V369I, I372L, S376T), a well-characterized triple mutant of the Shaker Kv channel that assists in isolating the final concerted opening transition ([@bib73],[@bib74]; [@bib42]; [@bib24]; [@bib58]; [@bib61]). In this ILT mutant, voltage sensor activation occurs at voltages negative to −50 mV, whereas the final opening transition occurs at voltages positive to 0 mV. When the Shaker Δ3/ILT channels are activated by depolarization to +100 mV from a holding voltage of 0 mV, application of hanatoxin causes a pronounced increase in macroscopic current ([Fig. 6 A](#fig6){ref-type="fig"}). It was not possible to determine the G-V relation for the Shaker Δ3 ILT mutant because saturation occurs at extremely depolarized voltages ([@bib73],[@bib74]; [@bib42]); however, we observed larger facilitation by hanatoxin for less positive membrane depolarizations ([Fig. 6 B](#fig6){ref-type="fig"}), which suggests that the toxin likely produces a shift in the G-V relationship. Collectively, these results demonstrate that hanatoxin promotes opening of the Shaker Kv channel by stabilizing the activated state of the S1--S4 voltage-sensing domain and by altering the final opening transition to stabilize the open state of the channel.

![Hanatoxin facilitates opening in the Shaker Δ3/ILT channel. (A) Opening of the Shaker Δ3/ILT channel with a depolarizing step from 0 mV to +100 mV in the absence (black) and presence of 2 µM hanatoxin (red). The gray line indicates the level of zero current. (B) Normalized I-V relation in the absence (black circles) and presence of 2 µM hanatoxin (red circles). The external solution contained 50 mM Rb^+^. Error bars indicate SEM (*n* = 5).](JGP_201210914_Fig6){#fig6}

Transferring paddle motifs between Shaker and Kv2.1 channels
------------------------------------------------------------

The S3b--S4 paddle motif contains the most important determinants for hanatoxin interaction with Kv2.1 channels ([@bib80]; [@bib47], [@bib48], [@bib49]; [@bib88]; [@bib62]), and the enhanced affinity of hanatoxin for the Shaker Δ3 construct suggests that the paddle motif is also important for hanatoxin interaction with the Shaker Kv channel ([Fig. 2](#fig2){ref-type="fig"}). The paddle motif can also be transferred between different types of voltage-activated channels and conveys sensitivity to a wide variety of tarantula and scorpion toxins ([@bib2]; [@bib7], [@bib9]; [@bib56]). We therefore wondered whether transferring the paddle motif between Kv2.1 and Shaker channels might also influence whether hanatoxin facilitates or inhibits opening. To explore this possibility, we constructed chimeras in which the S3b--S4 paddle motifs were swapped between Shaker Δ3 and Kv2.1 channels ([Fig. 7 A](#fig7){ref-type="fig"}). Both chimeras were robustly activated by membrane depolarization ([Fig. 7 B,C](#fig7){ref-type="fig"}), were K^+^ selective (not depicted), and were sensitive to the pore-blocking toxin agitoxin-2 (toxin-sensitive currents are those shown in [Fig. 7 B](#fig7){ref-type="fig"}). Interestingly, hanatoxin facilitates opening of the Kv2.1 channel containing the Shaker Δ3 paddle motif, and the toxin inhibits the Shaker Kv channel containing the paddle motif from Kv2.1 ([Fig. 7, B and C](#fig7){ref-type="fig"}), which is qualitatively similar to the effects observed for hanatoxin on the channels donating each paddle motif. These results suggest that interactions between hanatoxin and S3b--S4 paddle motifs play an important role in determining whether the tarantula toxin facilitates or inhibits opening of Kv channels.

![Influence of hanatoxin on paddle chimeras between Kv2.1 and Shaker Kv channels. (A) Sequence alignments for the S3-S4 regions of Kv2.1 (blue), Shaker Δ3 (black), and two chimeras wherein the S3b-S4 paddle motifs were swapped between the two Kv channels. Conserved residues are shown using bold lettering. (B) Voltage-activated Kv channel currents for two chimeras in the absence (black) and presence (red) of hanatoxin. The top sets of traces are for depolarization to 0 mV, whereas the lower are for depolarization to +60 mV. The gray line indicates the level of zero current. (C) Normalized G-V relations in the absence (black circles) and presence of (red circles) 2 µM hanatoxin. The external solution contained 50 mM K^+^. Error bars indicate SEM (*n* = 5).](JGP_201210914_Fig7){#fig7}

Interaction of the tarantula toxin GxTx-1E with the Shaker Kv channel
---------------------------------------------------------------------

We were also interested in exploring the extent to which variations in tarantula toxins might influence whether they facilitate or inhibit opening of Kv channels. A growing number of tarantula toxins have been shown to target paddle motifs in Kv channels ([@bib76]), and we focused our attention on GxTx-1E because the toxin has several intriguing similarities and differences when compared with hanatoxin. Like hanatoxin, GxTx-1E interacts with the paddle motif in Kv2.1 channels and inhibits the channel by shifting the G-V relationship to depolarized voltages ([@bib30], [@bib29]; [@bib56]; [@bib65]; [@bib45]). Although the solution NMR structures of hanatoxin and GxTx-1E have similar backbone folds and amphipathic surfaces, the detailed structure of the putative active faces of the two toxins show many differences ([@bib81]; [@bib85]; [@bib45]). In addition, alanine-scanning mutagenesis of the paddle motif in Kv2.1 shows that a larger number of mutations influence GxTx-1E interaction with the channel compared with hanatoxin, although there are also common determinants ([@bib48], [@bib49]; [@bib56]). If the protein--protein interactions between toxin and paddle determine whether a toxin promotes or inhibits opening, we might expect that hanatoxin and GxTx-1E would have distinct actions. At a concentration as high as 2 µM, however, GxTx-1E does not affect the gating of wild-type or Shaker Δ3 channels (not depicted). The three residues mutated in the S3b helix of Shaker Δ3 are important determinants for GxTx-1E interaction with Kv2.1, though several other positions are also critical ([@bib56]). In an attempt to engineer sensitivity to GxTx-1E, we therefore mutated two additional residues (V330 and A332) within the Shaker Δ3 channel that correspond to residues in Kv2.1 where mutations dramatically weaken GxTx-1E interaction with the channel ([@bib56]). The resulting Shaker Δ5 channel (L327I, A328F, V330T, V331E, and A332S; [Fig. 8 A](#fig8){ref-type="fig"}) retains sensitivity to hanatoxin, and much like what is seen in Shaker Δ3, the toxin facilitates opening of the channel by shifting activation by 29 mV to more negative voltages and by increasing the maximal conductance ([Fig. 8 B](#fig8){ref-type="fig"}). The Shaker Δ5 channel also displays robust sensitivity to GxTx-1E, but in this case the tarantula toxin produces robust inhibition ([Fig. 8 C](#fig8){ref-type="fig"}). These stark differences in the activity of hanatoxin and GxTx-1E on the Shaker Δ5 channel suggest that the influence of tarantula toxins on the gating properties of Kv channels is determined by specific molecular interactions between the toxin and the voltage sensor paddle motif.

![Engineering sensitivity to the tarantula toxin GxTx-1E into the Shaker Kv channel. (A) Sequence alignment for S3 helices in Kv2.1 (blue) and Shaker (black) Kv channels. Conserved residues are shown in bold lettering. In the Shaker Δ5 construct, five residues (asterisks) were mutated to the corresponding residues in Kv2.1 (L327I, A328F, V330T, V331E, and A332S). (B and C) Normalized G-V relations in the absence (black circles) and presence (red circles) of hanatoxin or GxTx-1E, both applied to the external solution at a concentration of 2 µM. Conductance was measured using tail currents and the external solution contained 50 mM Rb^+^. Error bars indicate SEM (*n* = 6).](JGP_201210914_Fig8){#fig8}

DISCUSSION
==========

In this paper, we investigated the interaction of hanatoxin with the Shaker Kv channel. In contrast to the inhibitory actions of the toxin on Kv2.1 channels investigated in previous studies ([@bib79],[@bib80]; [@bib47], [@bib48], [@bib49]; [@bib44]; [@bib85]; [@bib62]; [@bib2]; [@bib7]), our results show that hanatoxin facilitates opening of the Shaker Kv channel by interacting with the paddle motif ([Figs. 1](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"}), stabilizing the voltage sensor in the activated state ([Fig. 5](#fig5){ref-type="fig"}), and influencing the final opening transition to stabilize the open state of the pore ([Figs. 4](#fig4){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Although the effects of hanatoxin on the G-V relations ([Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}), the kinetics of channel closure ([Figs. 1](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}), and the ILT channel ([Fig. 6](#fig6){ref-type="fig"}) could in part be explained by effects on the final opening transition in Shaker, the pronounced effects of the toxin on gating currents ([Fig. 5](#fig5){ref-type="fig"}) suggest that early transitions in the voltage sensors are also affected. Our experiments with paddle chimeras between Shaker and Kv2.1 suggest that the paddle motif determines whether hanatoxin inhibits or facilitates opening of these two Kv channels ([Fig. 7](#fig7){ref-type="fig"}). We also succeeded in making the Shaker Kv channel sensitive to GxTx-1E, a toxin that also inhibits the Kv2.1 channel ([@bib30]; [@bib56]; [@bib65]; [@bib45]), and found that in the Shaker Δ5 construct, hanatoxin facilitates opening while GxTx-1E inhibits ([Fig. 7](#fig7){ref-type="fig"}). Collectively, these rather striking results demonstrate that the actions of tarantula toxins are not solely a product of where they bind to the channel, but that fine structural details at the interface between toxin and channel determine whether a toxin acts to inhibit or facilitate channel opening.

It is interesting to consider the mechanism by which the Δ3 mutations enhance the sensitivity of the Shaker Kv channel to hanatoxin. Because hanatoxin does not increase the single channel conductance of this construct (not depicted), the relatively large 50% increase in maximal conductance the toxin produces ([Fig. 2](#fig2){ref-type="fig"}) might suggest that this construct has a maximal open probability in the absence of toxin that is lower than the value of ∼0.8 observed for the Shaker Kv channel ([@bib34]). When considered together with evidence that hanatoxin stabilizes the open state ([Figs. 4](#fig4){ref-type="fig"} and [6](#fig6){ref-type="fig"}), the enhanced sensitivity of Shaker Δ3 to hanatoxin could in part be explained by the lower maximal open probability of that construct. However, this mechanism cannot readily explain the observed concentration dependence for shifting the midpoint of voltage activation ([Fig. 2 E](#fig2){ref-type="fig"}), which shows no indication of saturation for the Shaker Kv channel and approaches saturation in the low micromolar range for the Shaker Δ3 channel. In addition, the return of channels to control conditions after removal of hanatoxin from the external solution is far slower for the Δ3 Shaker Kv channel ([Fig. 3](#fig3){ref-type="fig"}), which is consistent with a slower dissociation rate for the toxin ([@bib62]). For these reasons, we think that our engineering of the S3b helix in Shaker actually enhances the binding affinity of hanatoxin. This mechanism would also explain the sensitivity of the Δ5 Shaker Kv channel to not only hanatoxin, but also to GxTx-1E, a toxin that inhibits channel activation by stabilizing a closed state and whose effects would not be expected to be enhanced by decreases in maximal open probability.

One intriguing feature of the interaction of hanatoxin with the Shaker Kv channel is the pronounced slow phase of channel opening that is observed in the presence of the toxin ([Fig. 1 A](#fig1){ref-type="fig"}). Indeed, the kinetics of channel opening have two components in the presence of hanatoxin, one that is similar to that observed in the absence of toxin, which we attribute to unbound channels, and a second that is much slower, which we attribute to slow opening of toxin bound channels. We did not investigate this feature in detail because it is less pronounced in the Shaker Δ3 Kv channel exhibiting enhanced toxin sensitivity, which suggests that the kinetic properties of this phenomenon are likely influenced by the S3b mutations themselves. Nevertheless, this slow phase of channel opening brings to mind the slow process by which the voltage sensors in the Shaker Kv channel are stabilized in a "relaxed" state upon prolonged depolarization ([@bib40]). In this state, voltage sensors exhibit Q-V relations that are shifted to more negative voltages and charge movement upon hyperpolarization that occurs more slowly, both of which are similar to the actions of hanatoxin. It is tempting to speculate that the slow phase of channel opening in the presence of hanatoxin may be related to toxin stabilization of a relaxed state of the voltage sensor.

As far as we are aware, hanatoxin is the first example of a protein toxin that can facilitate opening of a Kv channel. In contrast, a large class of toxins from scorpion venom facilitate opening of Nav channels ([@bib13]). A primary target for these β-scorpion toxins is the voltage sensor paddle motif in domain II of Nav channels ([@bib63]; [@bib15], [@bib16]; [@bib14]; [@bib7]; [@bib93]), and these toxins are thought to stabilize the domain II voltage sensor in an activated state ([@bib15]; [@bib46]), similar to what we have observed here for the Shaker Kv channel. Examples of tarantula toxins that facilitate opening of Nav channels have also been described ([@bib21], [@bib22]; [@bib9]). Although the voltage-sensing domains they target to influence channel activity remain to be further defined, Magi5 and ProTx-I facilitate opening of Nav1.2 and Nav1.9, respectively. In the case of Magi5, the toxin likely interacts with the voltage sensor paddle in domain II, as it has shown to compete with a β-scorpion toxin ([@bib22]; [@bib6]). However, in the case of ProTx-I, the toxin has been shown to interact with paddle motifs from multiple domains when transplanted into Kv channels, but the most important domains targeted in the intact Nav1.9 channel have not been explored because this noncanonical Nav channel cannot be expressed in heterologous expression systems ([@bib9]).

The parallel between the present work on the interaction of hanatoxin with the Shaker Kv channel and β-scorpion toxins with Nav channels raises an interesting question about whether these two classes of toxins bind to voltage sensors within the membrane or directly from aqueous solution. In the case of tarantula toxins, the prevailing view is that they interact with voltage sensors within the membrane. Hanatoxin and related tarantula toxins partition into membranes ([@bib43]; [@bib36], [@bib37]; [@bib62]; [@bib55], [@bib56]) and do not bind tightly to detergent solubilized channels ([@bib43]; [@bib64]), and toxin mutations have been identified where correlated effects on the strength of membrane partitioning and apparent affinity for the channel are observed ([@bib55]). In addition, mutations on the voltage sensor paddle that weaken toxin affinity have been identified that can be rescued by modification of the lipid sphingomyelin, as if there is an intimate interaction between lipids, toxins, and voltage sensor paddle motifs ([@bib56]). In contrast, models of β-scorpion toxin binding to Nav channel voltage sensors have depicted toxin binding from aqueous solution ([@bib86]; [@bib93], [@bib94]), and there have been reports that some scorpion toxins can partition into membranes whereas others cannot ([@bib72]; [@bib20]). It will be interesting to revisit these issues for scorpion toxins to clarify the environment in which they interact with voltage-sensing domains.

One fascinating and relatively unexplored aspect of the interaction of protein toxins with S1--S4 voltage-sensing domains is the mechanism by which specific conformations of the voltage sensor are stabilized. The results presented here suggest that both the toxin and the S3b--S4 paddle motif within the voltage-sensing domain of the channel can play decisive roles in determining whether a toxin facilitates or inhibits opening. When only considering hanatoxin, the paddle chimeras we studied ([Fig. 7](#fig7){ref-type="fig"}) lead us to conclude that variations in the paddle motifs between Kv2.1 and Shaker Kv channels play a crucial role in determining whether the toxin inhibits or promotes opening. However, the interactions of hanatoxin and GxTx-1E with the Shaker Δ5 channel ([Fig. 8](#fig8){ref-type="fig"}) clearly demonstrate that two related tarantula toxins can have opposite effects on a single Kv channel. These results seem to indicate that both the toxin and the paddle motif are critical. One mechanism by which toxins might stabilize different states of the voltage sensors in these Kv channels would be that the protein--protein interface between the toxin and paddle motif is largely responsible, and that the toxin simply binds tighter to the conformation it stabilizes because the complementarity between the two proteins is optimized in that state. However, another possibility would be to suppose that the shape of the toxin-binding surface doesn't actually change substantially as the voltage sensors move, but that it is the interaction between the toxin and membrane that dynamically rearranges as the paddle motif moves relative to the surrounding membrane. Tarantula toxins interact strongly with the S3b helix and to some extent the S4 helix of the paddle motif ([@bib80]; [@bib48]; [@bib2]; [@bib7]; [@bib56]), and there is agreement that the S4 helix moves roughly perpendicular to the plane of the membrane in response to changes in membrane voltage ([@bib4]; [@bib77]; [@bib83]). It will be fascinating to explore whether the interaction between the toxin and the membrane plays an important role in determining which state is stabilized by a toxin. Some of the constructs characterized here may be particularly useful tools for distinguishing between these two types of mechanisms. The Shaker Δ5 construct, for example, is sensitive to structurally related tarantula toxins that have opposite effects on activation of the channel by membrane voltage.
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